Abstract. Construction of diagonal reinforcement in concrete coupling beam is di cult; therefore, its replacement is steel coupling beam. A review of the related literature shows that a few studies have considered seismic behavior of RC coupled wall with steel coupling beam. In this paper, the in uence of an increase in building height on the seismic nonlinear behavior of dual structural systems in the form of RC frames accompanied with RC coupled shear walls once with concrete, and then with steel coupling beam was investigated. Therefore, the buildings with 7, 14, and 21 stories and containing RC coupled wall systems with concrete and steel coupling beams were used to perform the pushover analysis with di erent load patterns. Some seismic parameters, such as ductility factor, response modi cation factor due to ductility, over-strength factor, response modi cation factor (R), and displacement ampli cation factor (C d ) were studied. Regarding the results, the response modi cation factor for the mentioned structural system is higher than the values used in codes of practice for seismic resistant design of buildings. In addition, the displacement ampli cation factor and the response modi cation factor increase as the structure height decreases and the values of these factors at steel coupling beam structures are higher than those at concrete coupling beams.
Introduction
Concrete moment-resisting frames accompanied with reinforced concrete shear walls are popular in high-rise structures [1] . Shear walls are structures that provide resistance against lateral loads and their position with architectural and installation requirements leads to repeated openings from oor to oor throughout the height of the system, and result is isolated walls connected by coupling beams. Coupling beams provide a transfer of vertical forces between adjacent walls, creating a coupling action that resists a portion of the total overturning moment induced by the base shear [2] . This coupling action has two useful e ects: it reduces the moments that must be resisted by the individual walls, and therefore results in a more e cient structural system at an elastic state. Then, it provides a means by which energy is dissipated over the height of the wall system as coupling beams undergo inelastic deformations [3] . Coupling beams must behave in a ductile manner, yield before the wall piers, and exhibit signi cant energy dissipation characteristics. Therefore, coupling beams should be designed to avoid over-coupling, which causes the sys-tem to act as a single wall. In addition, light coupling should be avoided as it causes the system to behave like two isolated walls [3] [4] [5] [6] [7] [8] [9] [10] . Several researchers [11, 12] have investigated the issue of improving the energy absorption capacity and ductility of reinforced concrete coupling beams. For span-to-depth ratios less than 2, due to shear behavior and high-energy absorption, a method was developed by Paulay and Binney [11] and Park and Paulay [12] using specially detailed diagonal reinforcement, but this detail may be very di cult to construct. In order for reinforced concrete coupling beams to possess a stable hysteretic response under seismic loading, a high level of detailing, including con nement of beam concrete and adequate containment of steel reinforcement in the connected walls, must be provided [13] . This leads to deep beams with heavy reinforcement, requiring extra formwork and much labor in construction. For this reason, di erent techniques have been proposed instead of conventional coupling beams [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Some researchers have turned to steel coupling beams, with their ends embedded in two adjacent walls, instead of reinforced concrete coupling beams [13, [16] [17] [18] [19] [20] . Steel coupling beams possess the necessary combination of ductility, strength, and sti ness, needed for providing the best overall structural performance and suitable hysteretic response. They also provide a permanent alternative to reinforced concrete coupling beams that can be replaced after a severe earthquake. Furthermore, the advantages of steel coupling beams become apparent in cases where height restrictions do not allow for the use of deep reinforced concrete coupling beams or where concrete coupling beams cannot economically obtain the required sti ness and capacities. Coupling beams may be detailed to dissipate more portion of the input energy by exure or shear, depending on the coupling beam length. In addition, it is more advantageous to design them as shear yielding members or shear critical, since such members have more desirable energy dissipation; such a choice is not possible for reinforced concrete coupling beams. El-Tawil et al. developed design recommendations for steel coupling beams in RC shear wall [20] .
All previous studies have focused on examining the seismic response of steel coupling beam as a single element. However, seismic behavior of systems in the form of concrete moment-resisting frames accompanied with RC coupled shear walls with either concrete or steel coupling beam has not been thoroughly investigated. Therefore, it is necessary to investigate seismic behavior of buildings containing such structural systems. In this paper, the nonlinear behavior of the coupled shear wall with concrete and steel coupling beams has been evaluated. Some parameters, such as response modi cation factor (R) and displacement ampli cation factor (C d ), have been determined, like previous research on other structural systems [24] [25] [26] . Evaluations of the studies by Andrew Whittaker et al. clearly show that the response modi cation factor (R) of structures varies widely as a function of building type, building height, and seismic zone. Values of strength factors must address these variations, and the in uence of higher-mode e ects must be studied further [27] .
2. Seismic behavior parameters of structures 2.1. Ductility factor There is no accurate de nition for the ductility factor of Multiple Degrees-Of-Freedom (MDOF) structures. As shown in Figure 1 , The ductility factor in the SDOF systems is a proportion of maximum lateral displacement to the yielding lateral displacement of structure (Eq. (1)). It is a measure of the global nonlinear response of a system. Moreover, it somehow explains the structure entrance into the nonlinear state:
According to Figure 1 , the relation between the base shear and displacement is not an elastic-perfectly plastic equation. The actual force-displacement response curve is idealized by a bilinear elastic-perfectly plastic response curve, and it de nes the behavior factor parameters.
Behavior factor parameters
Seismic codes assume a reduction in design loads, and three components are generally taken into account (Eq. (2)): ductility, overstrength of a structure, and the di erence in the levels of stresses (the last one is termed the allowable stress factor). This factor presents the ratio of maximum seismic force on a structure during ground motion if it remains elastic (V e ) to the design seismic force (V w ). Therefore, actual seismic forces or elastic forces (V e ) are reduced by response modi cation factor \R" to obtain design forces (V w ). The basic aw of code procedures is that they use linear methods, but rely on nonlinear behavior [28] :
As mentioned above, usually real nonlinear behavior is idealized by a bilinear elastic-perfectly plastic response curve. V max or V e corresponds to the elastic response strength of the structure, V y shows the yield force of structure, and y is the yield displacement. The maximum base shear in an elastic-perfectly plastic behavior is V y [29] . Response modi cation factor due to ductility is the ratio of maximum base shear considering elastic behavior, V e , to maximum base shear in elastic-perfectly plastic behavior, V y (Eq. (3)).
It is also called force reduction factor due to ductility:
The over-strength factor or response modi cation factor due to over-strength is de ned as the ratio of maximum base shear in elastic-perfectly plastic behavior, V y , to the rst signi cant yield strength in structure, V s (Eq. (4)). It is also called force reduction factor due to over-strength:
To design an allowable stress method, the codes decrease the design loads from V S to V w and this is done by allowable stress parameter (Y ). Y stands for the allowable stress factor, which is de ned as (Eq. (5)) [30] :
For the ultimate strength design, in this study, Y equals 1 [29] .
2.3. Relation between the three parameters (R , , and T )
The response modi cation factor due to ductility (R ) is related to a number of parameters, many of which are dependent on characteristics of the structural system and some of them are independent of the structure. R relies on the ductility factor of structure and performance characteristics in the nonlinear state. Some other factors that in uence the relation between R and are period of system, damping, materials, P e ects, the load-deformation model in the hysteresis loops, and type of the soil that exists in the site. If we take this assumption that the ductility in structures with short periods is equal to those with longer periods, then the smaller and wrong R is obtained. New Mark and Hall suggested the following equations (Eqs. (6)- (8)) to calculate the response modi cation factor due to ductility [31] : 
Thus, for (T > 0:5 sec), R is e ectively equal to ductility factor () of the structure.
Displacement ampli cation coe cient (C d )
Many structural failures and collapses in earthquakes are brought about by excessive deformations which occur at the stories, i.e. structural and non-structural elements. Thus, one of the most important objectives of an appropriate seismic design is determination of relative actual displacement of the structures under severe earthquakes. In the seismic design codes, maximum inelastic relative displacement can be calculated by increasing the elastic displacement. As shown in Figure 1 , C d coe cient can be calculated as follows (Eq. (9)):
max , s , and y are shown in Figure 1 .
Coupling beams
Coupling beams can be subjected to high loading and rotational demands under lateral loads (i.e., earthquake or wind). Conventionally RC coupling beams with longitudinal exural and transverse shear reinforcement may be inadequate due to brittle failures in the form of diagonal or sliding cracking [32] . A number of coupling beam designs, such as diagonally reinforced concrete coupling beams [11, 12, [33] [34] [35] and steel coupling beams [15, 19, 36] , have been proposed. The degree of coupling is a function of the strength and relative sti ness of the beam and wall. Coupling individual exural walls brings about the lateral loadresisting behavior changes to one, where overturning moments are resisted partly by an axial compressiontension couple across the wall rather than by the individual exural action of the walls. Therefore, coupling beams act like a fuse and will tolerate even severe earthquakes. However, in strong ground motion, they are not expected to behave rigidly; even coupling beams shall be exible to dissipate energy [37, 38] . As mentioned above, the total resistant moment of coupled shear wall system depends on coupling ratio. Coupling Ratio (CR) is de ned as in the following equation:
where P V beam is accumulation of coupling beam shears acting on each wall pier, L is lever arm between the centroids of the wall piers, and m i is individual wall pier moment reaction (see Figure 2 ).
As mentioned above, since shear forces for seismic design of RC coupling beams are carried out by diagonal reinforcement, details of RC coupling beams may be very di cult to construct. Consequently, steel coupling beam is suggested instead. Steel coupling beams have similar behavior and provide the same structural role as link beams in Eccentrically Braced Frames (EBF).
Steel coupling beam
As noted earlier, it is more advantageous to design the coupling beams as shear-yielding members since a shear-critical steel coupling beam exhibits a more desirable mode of energy dissipation than a exure critical steel coupling beam. Therefore, in this research, the coupling beams are designed to yield in shear, according to the method proposed by Harries et al. [15] , in conjunction with the AISC Seismic Provisions [39] for shear links in an eccentrically braced frame. The steel coupling beam should be embedded in the wall to control cracking; therefore, its capacity can be developed. Number of methods may be used to calculate the necessary embedment length [40, 41] . The equations, proposed by Marcakis and Mitchell, generally result in slightly longer embedment lengths.
Basis of design provision
Links are \fuse" elements of frame; the link rotation angle ( p ) is the inelastic angle between the link and beam outside of the link, when the total story drift is equal to the design story drift, . The link rotation angle shall not exceed the following value: for links of length 1:6M p =V p or less: 0.08 rad and for links of length 2:6M p =V p or greater: 0.02 rad, where M p is nominal plastic exural strength, and V p is nominal shear strength of an active link. Linear interpolation between the above values shall be used for links of length between 1:6M p =V p and 2:6M p =V p . As can be seen in Figure 3 and according to the method proposed by Harries et al. [17] , ( p ) can be obtained.
Links shall be I-shaped cross-sections (rolled wide-ange sections or built-up sections) or built-up box sections. HSS (i.e., hollow sections) shall not be used as links. Shear yielding will occur when V = V p = 0:6F y A w and M < M p = Z b F y or e 1:6M p =V p , where F y , A w , and Z b are the I-shaped cross-section characteristics: yielding strength, section height, ange thickness, web thickness, and plastic section modulus, respectively. Shear yielding of steel links provides the best overall structural performance for strength, stiness, and ductility. Coupled shear walls are expected to withstand signi cant inelastic deformations in the links when subjected to design earthquake. However, links shall be exible to dissipate energy at strong ground motions. Design of steel coupling beams based on strength approach is according to the following equations:
V n = min
These three equations, i. 5. Design and modeling 5.1. Overview of prototype structures
In this study, six structural models are used for specifying the trend of this research de ned as follows: 7-, 14-, 21-storey buildings in the form of concrete momentresisting frame accompanied with reinforced concrete coupled shear wall, rst with concrete, then with steel coupling beams (see Table 1 ). Also, as mentioned above (Section 3), the Coupling Ratio (CR) of these models is obtained, ranging from 25% to 40%. The height of the rst storey is 2.9 m, the second 4 m, and the rest 3.2 m. According to Figure 4(a) , shear walls in Y direction have opening named coupled shear wall, but are solid in X direction. The steel material used in the sections of the structural members is of ST37 type with yielding strength of 2400 kg/cm 2 and ultimate strength of 3700 kg/cm 2 . The compressive strength of concrete material, f 0 c, used in the shear walls, is 240 kg/cm 2 , and yielding strength of steel bar is 4000 kg/cm 2 . In order to calculate earthquake load, the spectrum dynamic method was used based on reference Three nonlinear static analysis approaches were used for each structural model in PERFORM3D software, described in the following. Structures were simulated in 3D ( Figure 5 ). The moment-rotation characteristics of the plastic hinges for RC column and beam were obtained through section analysis using appropriate nonlinear constitutive laws. In this research, FEMA beam and column plastic hinge properties (FEMA356 2000) were assigned to nonlinear behavior of beams and columns in PERFORM3D software ( Figure 6 ). Nonlinear characteristics of RC shear wall and coupling beam will be described in the next sections.
The distribution of horizontal loads over the structure height must be speci ed for static pushover analysis. In Uniform Nonlinear Static Procedure (UNSP), according to FEMA-356 [44] , uniform load distributions over the building height were used. The di erence between this procedure and Triangular Nonlinear Static Procedure (TNSP) is in their load pattern. In TNSP, the inverted triangular pro le was used for displacement-based load pattern of storey masses, according to FEMA-356. For a high-rise structure whose force distribution changes continuously during seismic events due to higher mode contribution, the three main mode shapes in each direction were considered to perform Modal Pushover Analyses (MPA) in this research [45] [46] [47] . For control point of the displacement of structure in all analyses, the center of mass at the roof level is selected. Since the relative lateral displacement (i.e., drift) of roof was used as a reference relative lateral displacement for plotting the capacity curves of the structures, two approaches were used to regulate the relative lateral displacement of structure. The rst criterion for nishing the analysis is when the deformation capacity of each element is reached and the second one is when the limitation of reference drift and inter-story drift on the structure, which is 2% of building height, is based on Tables C1-3 of FEMA-356 [44] . Therefore, the analysis stops when these drifts exceed the mentioned limit.
Nonlinear modeling of RC shear wall
To make the RC coupled shear wall sections, de ning the linear and nonlinear characteristics of concrete and steel materials is necessary. The ber cross-section elements, consisting of steel and concrete bers, were used to model RC shear wall. ACI 318-05 requires con nement in boundary zones, when structural walls do not have the ability to deform their maximum displacement without exceeding the ultimate concrete compressive strains. Adding con nement allows the concrete to exhibit higher compressive strains without a signi cant degradation in strength, as illustrated in Figure 7 . In PERFORM3D software, the stress-strain curve of con nement concrete is selected in the form of trilinear with strength loss and its tension strength is ignored. Figure 8 shows that the strain of the ultimate strength of concrete " L is taken as 0.0171, the strain of crushing limit of concrete " cu as 0.04, and the strain of yielding strength of concrete " Y as 0.0034. Further, E c (modulus of elasticity) is 200000 kg/cm 2 . The stressstrain relationship of steel bar needs to be bilinear (elastic-perfectly plastic) without strength loss. The modulus of elasticity, E s , is taken as 2100000 kg/cm 2 and ultimate strain, " su , as 0.05 according to Figure 9 . In addition, yielding strength, F y , is 4000 kg/cm 2 .
Nonlinear modeling of coupling beams
To de ne the nonlinear characteristics of concrete coupling beam, model of shear hinge-displacement type in PERFORM3D was used ( Figure 10 ). To assign nonlinear characteristics of concrete coupling beams, according to Tables 6-18 
Discussion and results of nonlinear analysis
The story drift ratio plots of steel and reinforced concrete coupling beams at the target and ultimate levels are shown in Figures 11 to 13 . These illustrate that although steel coupling beams have been designed based on the criterion of su cient strength and shear yielding members, both of them (i.e., steel and rein- Figure 11 . Story drift ratio at two levels for 7-story models. forced concrete coupling beams) approximately have the same drift distribution over the height.
The capacity curves of models, obtained by the pushover procedures, are shown in Figures 14 to 25 . They show that the capacity curves of the structural systems with shear wall (X direction) sharply drop before the ultimate displacement, but bearing capacity of the structural systems with coupled shear wall (Y direction) shows no sudden changes until the ultimate displacement. In addition, the UNSP procedure presents greater lateral strength values, the TNSP procedure with less lateral strength values, and MPA procedure is predicted between the two previous procedures. This di erence can explain the e ect of load pattern. Note that the three main mode shapes predicted by MPA procedures in both directions of structural plan are selected to perform modal pushover analyses and it is crucial for highrise structures. According to the gures, whatever the height goes up (21st models), MPA and UNSP curves get closer and show the same trend. This can explain the importance of considering the higher mode shapes in pushover analysis. Also, these gures show that capacity curves of coupled shear wall (Y direction) with steel coupling beam based on MPA procedure are similar to the results of UNSP procedure; however, in structural systems with shear wall (X direction), those are close to the results obtained by TNSP procedure. Based on the obtained capacity curves, seismic parameters of structures have been calculated by using the equations, de ned in Section 2, as indicated in Table 3 . For better and more explicit assessment of R and C d values, the average of the aforementioned values is shown in Table 4 . Finally, the mean values of R and C d parameters obtained through this study are compared with some codes in Table 5 .
The results in Table 3 illustrate that force re- = 7 C d1y = 7 R 2x = 6:8 C d2x = 6:8 R2y = 6:95 C d2y = 6:95 R 3x = 6:7 C d3x = 6:7 R3y = 6:67 C d3y = 6:67 R 4x = 8 C d4x = 8 R 4y = 9:2 C d4y = 9:2 R5x = 6:81 C d5x = 6:81 R 5y = 7:7 C d5y = 7:7 R6x = 6:7 C d6x = 6:7 R 6y = 7:26 C d6y = 7:26
Note: R ix is the force reduction factor of i model in X direction; R iy is the force reduction factor of i model in Y direction; C dix is the displacement ampli cation factor of i model in X direction; C diy is the displacement ampli cation factor of i model in Y direction.
duction factor due to over-strength (R S ) in structures with coupling beam (Y direction) is generally more than that in structures without coupling beam (X direction), while ductility factor in structures without coupling beam (X direction) is more than structures with coupling beam (Y direction). As the structure height increases according to Table 3 , rst, the force reduction factor due to ductility (R ) decreases, and then remains constant approximately. However, the force reduction factor due to over-strength (R S ) rst increases, and then remains constant approximately. Furthermore, there is a decrease in R and C d with rise in structure height, while the rate of decline is less at higher altitudes. For example, response modi cation factor of R = 8, R = 6:8, and R = 6:7 is obtained for 7, 14, 21st-conc in X direction, respectively, as it is observed that 7st has much higher value of R than 14 and 21st do, and these values at 14, and 21st approach each other.
The mean values of R are evaluated for similar moment-resisting RC frames with shear wall in the present study ranging from 6.67 to 9.2. This can be concluded that the level of reference drift limit and the number of stories highly in uence the value of R. Evaluation of the results in Tables 3 and 4 proves that at the structures with the same height, the values of R and C d parameters in coupling shear wall structures with steel beam are higher than those in coupling shear wall structures with concrete beam, although these parameters have the same value with acceptable accuracy in concrete shear wall of the mentioned models (X direction). Finally, the mean values of R and C d parameters obtained through this study are compared with some codes in Table 5 . For the intermediate ductility concrete moment-resisting frames accompanied with intermediate ductility reinforced concrete shear wall, response modi cation factor of R = 5:7, R = 6:5, and R = 5:75 is given by Standard No. 2800, UBC97 [49] and IBC2000 [50] , respectively. It should be noted that R factors given by UBC97 are generally higher than those given by Standard No. 2800 and IBC2000. According to the values obtained through this study, Standard No. 2800, UBC97, and IBC2000 slightly underestimate R factor, especially for shorter structures. Furthermore, the same situation is valid in the case of C d ; for example, the lowest value obtained for C d is 6.67, but according to Standard No. 2800, C d factor that is suggested as 0.7 times of the response modi cation factor in this code equals 4.
Conclusion
In this paper, the in uence of steel and concrete coupling beams on the seismic behavior of dual structural systems in the form of concrete moment-resisting frames accompanied with RC coupled shear walls was evaluated. Some of the key results obtained by this evaluation are as follows:
1. RC coupling shear wall with steel and concrete coupling beams have the same drift distribution over the height until the ultimate displacement; 2. Capacity curves of structural systems with shear wall sharply drop before reaching the ultimate displacement, but bearing capacity of structural systems with coupled shear wall (steel or concrete coupling beam) shows no sudden changes until the ultimate displacement; 3. Capacity curves of coupled shear wall with steel coupling beam based on MPA procedure are similar to the results obtained by UNSP procedure; but, in structural systems with shear wall, those are close to results of TNSP procedure; 4. Factor of over-strength (R S ) in structural systems with coupling shear wall is more than that in structural systems with shear wall, while ductility factor (R ) in structural systems with shear wall is more than that in structural systems with coupling shear wall; 5. The values of response modi cation factor (R) and displacement ampli cation factor (C d ) in coupling shear wall structures with steel coupling beam are higher than those of coupling shear wall structures with concrete coupling beam with the same height; 6. The amounts of response modi cation factor (R) and displacement ampli cation factor (C d ) obtained for coupling shear wall structures with concrete or steel coupling are more than suggested amounts by codes (example: Standard No. 2800, UBC97, and IBC2000).
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